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TECHENICAL NOTE ﬁO. 1050

WIND- TUNNEL INVESTIGATION OF. END—PLATE EFFECTS QF
HORIZONTAL TAILS ON A .VERTICAL TAIL
COMPARED WITH AVATLABLE THEORY

By Harry E. Murray
SUMMARY

A vertical~tail model with stub fuselage was tested

In combination with various simulsted horizontal tails to -

determine the effect of horizontal-tail span and location
on the serodynamic characteristics of the verticsal tail.
Available theoretical data on end-plate effects were
collected and Dresented in the form most suitable for

design purposes, s Temm L e

Reasonable agrsement was obtained between the
measured. and theoretioal end—plate effects of horizontal
tails on vertical tails, and the data indicated that the
end-plate effect was determined more by the location of
the horizontal tail thgn'by the span of the horizontal
tail. The horizontal taill gave most end-plate effect
when located near either tip of the. vertical tail and,
when located near the base of the vertical taill, the end—

plate effect was increased by moving ‘the horizontal tail
rearward. :

INTRODUCTION

A study of the end-plate effect of the horizontal
tall on the vertical tail has been mads by lifting-line
theory for the case of a horizontal tall mounted a% the
base of an isolated vertical tail (reference 1). A
minimum~induced-drag theory of the end-plate effect of
the horizontal tall on the vertical tall Is preésented

In reference ‘2 for the .case of a horizontal tall mounted

in various vertical locations. Becsuse of a. deficisency
in experimental data for the end-nlate effects discussed
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in these refersnces and for end~plate effects in general,
the present investigation wss undertaken. Lift snd hinge-~
momant measurements were made to determine the variation
of the end-plate effect with horizontal-tail span and
location and to define an aree-span convention that would
mest nearly glve ths correct lift-curve slope.

SYMBOLS
" The coefficients and symbols used herein sre defined
as follows:
Cr, - 1ift coefficient (L/gS)
Cn rudder hingéemoment coefficient -(ﬁ/ﬁbr(é;)a)
1ift of model

H rudder hinge mémént; positive when moment tends to
rotate tralling edge to left _ : -

area of vertlcal-tail model ss defined hy con-
vention I (fig. 1) unless otherwise noted

)

e . .local chord of vertical-tall model from leading .
edge (L.E. defined in Iig. })

Sy - rudder root-mesn-square chord _ 3

b4 ~ span . (recommended in referénce 3) of verticsl-
tail model as defined by convention I or II,
figure 1

bo span of vertical-tail model as defined by con-
vantlon ITI, figure 1

bp udder span

by, horizontal tail span

free~stream dynamlc pressure

x horizontal location of .50-percent chord line of
forward, center, and rearward end plates as
measured from vertical-tzll leading edge
(L,E. defined in fig. 1)
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v vertical location of end plates measured .upward
from bése of vertical tail as shown in figure 1

a angle -of attack of vertical tail; DOSithS when
treiling edge. is moved to. left

5 rudder- deflection relative to fin; positive when
trailing edge i1s deflected to left

Ag geometric aspect ratio

A vertical-tall aspect ratio computed from measured
1ift for horizontal-tail-off condltion
Ae effective aspect ratio computed from measured lift

for horizontal-tail-on condition
E effective edge-velocity correction for 1irt

k horizontal-location factor
Slopes:

a, séction 1lift-curve slope
og, QGL

- ( )
=),
e = () e

All angles are in degrees and the symbols outside the
parentheses indicate the quantities held constant. The
slopes were taken for ranges of a and & of %20,

APPARATUS AND MODEL - .

A verticael-tall model with stub fuselage was tested
in combination with horizontal tails simulated by flat
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end plates made of f~inch-thick laminated mahogany with

rounded lesdlng edges .and beveled trailing edges. Photo~
graphs  of the model that show variations in the span and
locatlion of the end plates are presented as figure 2,

The principal details. of the model are given in figuro 3.

The geometric characteristics of the model are
presented in the following table:

Areé, conventlion I (fig. 1), square feet o+ ¢« o « 5¢985
Span of vertical~tall model, convention T,

feet o . * o o o & ¢ 8 o 8 @ 5-61
Mean geometric chord of vertical tall '

n‘Odel Teot o 2 o o o ¢ s ¢ o & o o o s o o = 1.66
Rudder span, PEEL o 5 o o » s o 5 5 s s o s s o 3,208
Rudder root-mean-square chord, feet o« o« « « o« « 0d6l6
Tralling-edge angle, vertical tall, degrees + « « o .15
Tralling~edge angle, end plates, degrees . o« o« o ¢ o Ll

The ordinates of the wvertical~tall airfoll sectlon. are
glven 1in table I, the airfoll section belng constant over
the span, Forward of the 50-percent-chord station the
airfolil ordinates are approximately the same as those of
the NACA 65(132)-011l airfoll; rearward of the 50-percent-

chord station the airfoil was modified so as to elimlnate
the cusp, The plan-form ordinates of the vertical-taill
model are given in table II.

The internsl balance for the rudder of the model was
contalned 1in four spanwise chambers, which were separated
from esach other at the rudder hinges. The nose and ends
of the internal balance plate in each chamber were sesgled
to the front of the balance chamber and to the sides of
the hinges with Koroseal coated volle, An enlarged cross-~
sectional diagram of the vertical tall (fig h) shows the
detalls of the internal balance.

Unpublished calculations based on reference l. for
an airfoll sectlion approximately the same as that of the
model tesfed indicated that, at a flight Reynolds number
of about 10,000,000 and- with transition at the leading
edge, ths boundary-layer thickness 6% is 0,00157c
at O.é)b. From boundary-layer meassurements it was
Found that at values of- a and . § Of approximstely O°
a boundary-layer thickness of O, 001570 could be obtained

by placing roughness strips at the 20~percent chord line.

The roughness stripe werse prepared by cementing

-
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No. 60 carborundum particles in a strip 1/l inch wide to
the back of cellulose tape.

The model was mounted horizontally in the 6— by '
6-foot test section of the Langley stebility tunnel and
was supported-rentirely by the balance frame so that all-
forces .and-moments acting on the model cquld be meuSured.
In ‘order.- to-mount the model near the center of ‘the tunnel,
a model support was used that extended 1nto ‘the &ir stream
through an operning in the tunnel wall., A flexible ‘seal-.
was used between the model support and the tunnel wall

to prevent the inward flow of air from outslds -the- ‘tunnel .
along the model support. A falring was installed: .aroung
the part of the model”%upbort strut located inside the ff
tunnel., (See fig. 3.) -This falring was attached to :the -
tuhnel wall and did. not change. attitude as the angle of
attaek of . the model was Varied. § . -

t

TESTS . . . .-

Tests were made of the vertical~tall model and stub
fuselage without an end plate snd With an-end plate in
nine combinatlions of end-plate locations and spans. A
f~foot-span end plate was tested .in the vertical locations
designated 1iIn figure < a8 ‘low, intermediate- low,
intermediate-high, and high. End plates of various spans
were tested in the center horizontal location at two
vertical - locatlons:: A‘h-foot*span ‘end. piafe was tested
in the low and in the . intermedlate-low vertical locations
and a.2-foot-span end’ platé was tested in only the low"
vertical logation. The b-ifoot-span shd plate in the-low'
vertical .location was tested in three ‘horizontal locations,
which will be.- designated as forwird, center, and - rearward.
The configuratiqr:for:'the end plate gt.the center hori~ -
zontal locatiorm was Ildentiecal with.that ‘et the low vertical
location. ' PFor all canfigurations the end plate had & i "
cut-out for . the .rudder; (See fig. 3. ) In order to dster-
mine the effect of the rudder cut-out, a L-foot-span end
plate without a cut-out was tested in the low vertical
location. ) o

For each configuration, tests were.made for. various
rudder .deflectiong “With: the model at zero .angle - of _attack
and for various.mngles of attack with zero rudder defleeh
tion. The.arigles of- attdck rarnged from approximately
-0 to 169, -and -the rudder deflections, ‘from -20° to 8°
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throughout the. tests. The geometric angle of attacktof
the erd plate was maintained at zero.’ The tests included
measurements of the 1lift of the model and measurements of

the rudder hinge moment, . . . mo oo TR T

All tests were made at a dynamic pressure of
6l..2 pounds per sSguare foot, which corresponds to an air-
speed of 159 miles per hour under standard sea-level
'atmospheric conditions., 'The Réynolds number based on
the mgan geometric chord of the vertical tail was approxli- e
'mately 2,400,000, : “ . : '

. - Jetaboundary corrections, ag ‘determined by ‘the
-generral methods described in refereree 5, were applled

to the 1ift coefficilent, rudder hinge-moment coefficlent,
and #ngle of attack. These corrections, which neglected
the presence "of the end plate, were added directly to the
11if+ ahd hinge-moment coefficlents and to the angle of
attack, respectively, and are as follows:

-0.010207, ' -

acCy

AGy, = 9.00650L

{l

Mo corrections or tares were appliled for the effects
of the model support-strut fairing or for the effect of
the exposed rudder hinge~-moment linkage. Thls linkage
may be Seen in the photographs of figure 2 and in the
sketches .offigure 3. An attempt to calculate the effect -
of the- support-strut falring on the 1ift of ‘the vertlcal .
tail by 1ifting-line theory was unsuccessful., "4 rough :
estimation of this effect based on reference 6 indicated,
however, that the support~strut fairing might possibly
indreaae}the vertical-taill 1ift as much as 3,5 percent. "

THEORY - ' .

The theory ofreference 1, in which the root chords . :
of the horizontal and vertical talls are assumed to . -
coincide 'and to be the same length accounts for the - | -
effect of. end—plate span on the effective aspect ratio
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of the vertical tail. In thils theory, the horizontal
tail is assumed to be mounted at the base of the vertical
tail, ~The minimum-~induced-drag theory of reference 2
accounts for the -vertical location of the end plates on
~a vertical tail that. is symmetrical sbout both its

midspan and midchord lines., The theory of reference 2
also’ a¢counts for the end-plaete span but assumes. the
end-plate. chord to be infinite, A combinstion of the
results of these two theories 1s shown in figure 5 in
whith the.results of reference 1 are used to extrapolate
those of” reference 2-to a finite end-plate chord. 1In
Flgure 5 the effect of end-plate vertical location is
indicated. to bé’ much greater than either the effect of
end-plate span or vertical-tail aspect ratio and the .
end plates located near either tip of the vertical tail
are shown to have the lasrgest effscts, The lift-curve .
slope for vertical tails with end plates can be estimated
by the following formula from lifting-line theory: -

A(AB/A)ﬁagi‘z
K(ae/B)m + 85"

Crq = lg;).

A better'result can probably be obtained, however, from
the following equation'based on lifting—surface theory°

e i) -
,"L", A(A /A)ﬂu 'ao;j:.ﬁff T AT

k

whers- the ‘form of equatlon (2) i taken fron reference T
and theé values "of Eo, ' are taken from referernce 8, A

chart from which . values of ¢ CL _may ‘be convenlently

obtalned lS presented as figqre 6 _f._“J“*_“ff“ff"” o=
“]’RES&LTS_AND;DiSdussroN;

. Results of - the tests are given’ 1n figures ? to ll.
The &nalysis Jf the data (figs. 12 to 18) was mede by a
study of -the 1lift and hinge-moment Slopes through zero
angle of attaek and through zero rudder deflectlon.

-l,'._ P
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Effect'bf Vertical Location of End Plate

The variations with a and & of 1ift and ruddsr .
hinge-moment coefficlents of the vertlecal tall for
various vertical locatlons of the 6~foot-span end plate
in the center norizontal locatlion are presented in - .
figure 7. The greatest end-plate effects, as Indicated .
by the’ higher values of CL and CLg”‘ were obtalined

with the end . late in either the low or high location.
(See” f'ig. 12. As might be expected, the results for
the intermediate. locations show almost no change from -
the results for the horizontal-tail-off condition.. A
determlnation: of the rudder lift-effectiveness parameter

z for ‘the end-plate locations of figure_lZwshowed

8/c
L R
this parameter to be constant w1thin the accuracy of the
data and to have the value.

( ) = EEQ = 0.576

A curve of the theoretical end-~plate effect, obtained
by use of figure 5 and equation (2), 1s also shown in
figure .12, Two dlsérepancies between the theoretical
curve and the tegt points are noticeable. First, because
the vertlicel-tall plan form was not symmetric sbout its
center section, the test points fall to indicate, as
does the theory, a zero end-plate effect at the center
section of the vertical tail, Second, the end plates
nesr the base ‘ef the vertical tall do not produce as
much effect as indicated by the theory, although a
slightly larger effect. would be expected because of the
asymmetry of the vertical~tall plan form. This second
dlscrepgncy probably results from two factors: The
support strut probably causes the end-plate effect to
correspond to that of.an end plate at a vertical location
farther from the base of the vertical tall. Also, the
stub fuselage probably had an end~-plate effect, for
unpublished tests have indicated that a stub fuselage
audch as the. one. on this model can have an end-plate
effect on Cr, of. anproximately 5 percent. This incre-

ment of end-plate. effect would be absorbed by another

end nlate mounted near the stub fuselage and the
resulting effect would be smaller than that expected

for an end plate mounted on a model without stub fuselage.

e S
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The theoretical curve is believed to be approximately

correct when the conditions for which it was derived ars
met. . : - B

- The wvalue of Ch was very close to zero-for each

of the fdéur vertical locations in which the model was
tested. Values of Ch6 ranged from -0,0017 to -0.0021

(see filg., 15) and. were negatively largest for the high
end low vertical locations. The small changesS in Gh

and Ch6 indicated in figure 15 probably cannot always

be expected, particularly for rudders with 11ttIé or n& ™
balance., } . - oL e

Effect of Horizontal Locdation of End Plate

The varistions with . and &6 of the 1ift and
rudder hinge-moment ‘coefficlents of the vertical taill for
various horizontal . locations of the 6~Foot~span end plate
in the low vertical location are presented 1n flgure 8.
The center and rearward horizontal locations gave the
largest values of Cr,  and CrLg. (See fig. 13.) ~The

values of Gha were. approximately Z8T0 and the valies

of Ch . ranged from -0. 0021 for the forward and center

locations to -0. 0030 for ‘the rearward 1ocation‘ (See .
fig. 15. ) : _ _ ‘ . e :

Effect of Varying-Span‘éf'Enduriaté_'

The variations with a@ and § .of the 1ift eand
rudder hinge-moment coefficients of the vertical taill
for end plates of various spans with the end plate mounted
in the center horizontal location for the low and the-
intermedlate-low vertical locations are presented in
figures 9 .and 10, respsctively,  The preseénce of -the
2-foot-span. end. plate increased the values of CLa

and GL6 appreciably (see fig. lh) but additional end-
plate span casused only a slight ircrease in these
parameters., The hinge-moment parameters Cha and Ch5

were almost entirely unaffected by 1ncreasedmspan
(See fig., 15.) Because the end plate of 6-foot span

reached almost to the tunnel wall, this span was effectively
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larger than the actual épan-tésted; but even for thls end -

plate .the values of the 11ft parameters were just sllightly
higher than those for the 2-~-foot-span configuration., A
comparison of the results shown in figure 1li: with those

of figures 12 and 13 indlcates that changes in end-plate
span have only a relatively small effect on CL, and CL6

when the end=plate span 1is greater than one-half ths
verslical-tall span and that ths end-plate locatlon
relative to the vertical tail ds the rore. importent of
the two variables,

" Hffect of Rudder Cut-Out

The effect—of the rudder cut-out on the 1ift and
rudder hinge-moment coefflcients of the vertical-tail
model for the center horizontal location of the lj-foot-
span end plate in the low vertical location 1s shown in
figure 1il. . These data indicate that the only appreclable N
effect of the rudder cut-out in the end plate was s .
change of about =0, OOO? in Ch5 at small deflections.

End-Plate Effect in Terms of Wffective Asnect Ratio .

In order to make the experimental results of this
investigation of the end-plate effects of the horizontal
tail on the vertical tasll comparable &o the theoretlcsgl
results (fig. 5), the lift-curve-slope results wevre
reduced to the form of the ratio of the effegctive aspect
ratio computed from the measured 1ift for the end-plate-
on condition to :the aspect ratio computed from the measured
1ift for the end-plate-off condition Ag/A. .

The aspect ratios were computed by means of equa-
tions (1) and (2), which are based, respesctively, on the
lifting~line. and lifting-surface- theory for an 1isclated
wing.  The sgction lift-curve slope ay ‘was estimated
to have a value .of O, 105 for the vertical ‘tail. The ;
ratio :-Ag/A" is shown In figure 16 as determinsd by the
lifting-s urface theory for all model copfigurations for
area-span’ convention I of figure 1, With the end nlate -3
in the low vertical location, this same ratio (Ag/A) is
shown 1ii figure 17 as determinéd by the lifting -line
theory for all three area-span conventlons of figure l.

The ratio /A 18 shown in figures 16 and 17 ta depend . e

=
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only slightly on-which formula or which area-span con-

vention 1s used. The values of Ag/A determined from

the test data are shown in figure 17 to YPe smaller than
those from figure 5. This discrepancy 1s the same as

that discussed in connection with the seffect of the vertical_“

location of- the end plste.

Estimation of Or ' 'for a Vertical Tail

If an estimate of CLa for a vertical taill is“

desired, an aspect.ratio must be arrived at by means of
some area-span convention., In the following table a
comparison is presented of the geometric aspect ratios
and the aspéect ratics for the horizontal-tail-off condi-
tion as .computed by use of equations (1) and (2) for the
three area-span conventions shown in figure 1,

Area-span A. . A g Corrgq‘ded

convention | 4¢ | (mquation (1))|(Equation (z)j'(Equat§5n (2

I 2. 17 1.99 T 2.85 2.60

II 2.05 .77 - . . 2.58 2.38
III 2.25 1.6 2.20 2.05

T

The corrected’ values of the aspect ratioc were obtained

by reducing the 1lift-curve slope 5 percent to correct the
datsa approximately to 'the conditions for the model without
stub fuselage, - The values In the first three columns of
aspect ratio indicate that.for this model, in order to
estimate CLa for the end-plate-off condition from a

geometric aspect ratio, the formula for the lift-curve
slope based on 1ifting-surface theory (equation (2))
should be used in conjunction with drea-span conven- .
tion IIT. The measured lift-curve slope, however, is
probably higher than that which would be Tealized -in
flight because of the effect of aerodynamic induction

on the support- “strut’ fairing and’ because ‘'of -the sbsence

of most of the fuselage sidewash, If data on fuselage
sidewash are unavailable,‘an area-spart-convéntlon
defining the vertical-tall area a& that- gbove the fuselage
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center line (convention II, fig. 1), as proposed by Pass A
in reference 3, and corresponding to g somewhat lower
lift-curve slope than -convention III may more nearly represent
the “tase of the vertical tail on an ailrplesne. In order

to estimate CL for a vertical tall with the. horizontal

tall on, use may be made of the effective aspect ratlo
obtained by multiplying the geometric aspect ratlio
by Ag/A as given in figure 5,

As

An average value Of zr = 1.5 was suggested in

Pl

reference 3. This value 1s conslderably more than will
generally result because it is based on & vertical-tall
aspect ratio of l.l, which is somewhat smaller than the
aspect ratios now generally used and, more lmportant, 1is
based on an end plate located at the base of—the vertical
tall - a condition seldom if ever met in practice.

For tail oonfiguratlons similar to—the 6-foot- -span .
end plate in low vertical lacatlon, the sffect of-hori- \
zontal 1ocation can be considered by multiplying the .
valus of Ae/h given in figure 5 by the horizontal-~
location Factor. kK - Bhown in flgure 18 aﬂd derived from
the CLa-data of figure 15.. ] . - T

§ .ceNCLUSIONs b

Tests 'were made of a vertical-tall model with stub
fuselage 1in combination with various simulated horizontal
tails to determine the effect of horizontal~tall span
and loéatlon.on the :gérodynamic characteristics of the
vertical tail, and the test results were compared with
thearetical results. The results of -the, inVestigation
indicated the. follow1ng oonclusions.__'

1. The theoreticsl end-plute effect is mpproximately
correot when the. condltions for which it was dérlived ars
met. ° . I . S ) =

2

ay'Thefend—ﬁiate effectfof thefhoriéontal tail on
the vertical tall was influenced more by the locatlon of
the horizontal tall .than by the horizontal tail span.

3. The greatest end- plate effect was obtained with
the horlizontal tail located near either tlp. of the
verticgl tail.
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i. When the horizontal tail was located near the
base of the vertical tall, the end-plate effect was
increased by moving the horizontal tail rearward.,’

Langley Memorial Asronautical Isboratory
Natlonal Advisory Committee for Aeronsutics
Langley Field, Va., January 21, 1946
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TABLE I

ORDINATES OF VERTICAL-TAIL ATRFCIL SECTION

[étations and ordinates 1n percent of airfoil chord]

Upper surface Lower surface
Station Ordinats Station Ordinate
0 o _ 0 0
5 845 5 -.8l45
<75 1.019 <75 -1.019
1.25 1.270 1.25 -1.270
2.5 1.719 2.5 -1.719
5 2,389 5 -2.389
Te5 2.509 1.5 -2,909
10 ﬁéha 10 -3.343
15 1.0%6 15 -l1.03%6
20 L .561 20 -l 561
25 h.9aé 25 -L.951
30 5.2 30 -5.2
5 5-&18 5 -5.41
0 5.9 0 -5.419
L5 5-&5& L5 -5.45
25 [ 1995 5 ok
5 «995 =il
60 - L.622 60 - .6
70 %.63%3 70 -3.638
5 3.087 5 -3.087
0 2.189 0 -2.489
8¢ 1.88¢ 85 “1.83¢%
90 1.27 0 -1.2
9 06.}.}.2 85 ".6)’.?‘.2
100 .030 100 -.03%0

NATTIONAT, ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE IT

15

PLAN-FORM ORDINATES OF VERTICAL-TAIL MODEL

[$tations end ordinates are in inghe%l

- Ordinate \ Qrdinsate
°t?t%°n (Forward of St?tion (Rearward of
a rudéer hinge axis) a rudder hinge axis)
~1L 500 | mmmmmm e -1 .500 0
=L 167 | ~-mmmmmmmm e -1, 167 1.212
3,667 |-==m=mmmmmmm e -3.667 2.73
-2-855 ----------------- "20855 I—L029§r
—ZJOO ------------------ —2.00 5.56
~1,167 |[==~--mmmmmmwmeeeem -1,167 £.192
0 17.333 0 .067
1.833 |—-mmemmmccmecanem 1.833 021
2.167 ----------------- 2.]67 8-155
L6217 17.267 o177 | mmmmmmm e
50500 --------------- 5.500 8.982
.167 ------------------ 51167 9 -155
e000 |mmmmmem e .000 9,155
9.167 16.962 9.167 9.13
10,333 |mcccmcmee e meeae 10,333 9.07
12I500 16.656 12.500 -----------------
16.667 16.072 16,667 8.654
20.855 l 0317 20.853 ------------------
25,000 1,310 25,000 7.721
29,167 15.091 29,167 7.0%9
334333 11.483 354533 6.183
57.500 332 57.500 ?-025
E9-353 «107 39-555 Fe365
0.000 7.58 0.000 .070
L1.667 9! 11,667 2.913
Li2.500 2.753 02.500 1.850
L2.8%3 ly.059 li2.833 1.183
113,000 3.629 413,000 .721
L3.167 3,062 hz,167 .082
43,333 1.667 43.333 ~1.667

easured from fuselage center line.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Ve
’ LE. Area <5.985 sg [1
, , Sparn =3.6/ It
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(a) Center horizontal location of the 6-foot-span end plate in low
. vertical location.

Figure 2.~ Front views of the vertical-tail model as mounted in the 6- DbYy 6~foot
_ gection of the Lanrley stablility tunnel.
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(b) Center horizontal location of the 4-foot-span end plate in the
low verticel locatlon.
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Fig. 13 NACA TN No. 1050
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